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By means of neutron scattering techniques we have investigated the frustrated pyrochlore magnet
Ho2Sn2O7, which was found to show ferromagnetic spin-ice behavior below T.1.4 K by susceptibility
measurements. High-resolution powder neutron diffraction shows no detectable disorder of the lattice, which
implies the appearance of a random magnetic state solely by frustrated geometry, i.e., the corner sharing
tetrahedra. Magnetic inelastic scattering spectra show that Ho magnetic moments behave as an Ising spin
system at low temperatures and that the spin fluctuation has static character. The system remains in a short-
range-ordered state down to at least T50.4 K. By analyzing the wave-vector dependence of the magnetic
scattering using a mean-field theory, it is shown that the Ising spins interact via the dipolar interaction.
Therefore we conclude that Ho2Sn2O7 belongs to the dipolar-spin-ice family. Slow spin dynamics is exhibited
as thermal hysteresis and time dependence of the magnetic scattering.
DOI: 10.1103/PhysRevB.65.144421 PACS number~s!: 75.50.Lk, 75.25.1z, 75.10.Hk, 75.40.GbI. INTRODUCTION
Frustrated spin systems have been investigated mostly in
antiferromagnets on geometrically frustrated lattices such as
triangular, kagome´, fcc, and pyrochlore lattices. Recently an
intriguing frustrated system was found in an Ising ferromag-
net on the pyrochlore lattice by Harris and co-workers,1,2
where magnetic ions form a lattice of corner sharing tetrahe-
dra illustrated in Fig. 1. When spins interact via a ferromag-
netic nearest-neighbor exchange interaction and have strong
local Ising anisotropies which force each spin to point into or
out of the center of each tetrahedron, spin configurations of
the ground state on one tetrahedron are sixfold degenerate
‘‘two-in and two-out’’ structures ~see Fig. 1!. By extending
this ‘‘two-in–two-out’’ structure to the entire pyrochlore lat-
tice, it was shown that ground-state degeneracy is macro-
scopic, which leads to the residual entropy3,4 at T50. Since
these spin configurations can be mapped on to proton con-
figurations in the cubic ice, the system is called the spin ice
model.1–3
The recent discovery of the spin-ice model systems
Ho2Ti2O7 ~Refs. 1 and 5–10! and Dy2Ti2O7 ~Refs. 4,5,11,
and 12!, which belong to a series of pyrochlore oxides show-
ing frustrated properties, has renewed interest in ice models.
Experimental and theoretical works on these compounds
have shown that the spin system freezes into a spin-glass-like
state below a temperature of the order of T51 K,1,8 which
has only short-range order1,2,9 with macroscopic number of
degeneracy, i.e., zero-point entropy.3–5,13
Although the strong Ising-like anisotropies of Ho and Dy
moments are obvious, the spin-spin interactions have certain
ambiguity, because these large moment systems have signifi-
cant contributions from the dipolar interaction4,6 in addition
to the nearest-neighbor exchange interaction. The long-range
nature of the dipolar interaction complicates the real spin-ice0163-1829/2002/65~14!/144421~8!/$20.00 65 1444systems, and another theoretical problem of a dipolar spin-
ice model13,14 has been addressed. The addition of the dipo-
lar interaction removes the ground-state degeneracy and a
long-range-ordered state becomes the ground state.15 How-
ever, experiments1,4,9,10 and a Monte Carlo simulation13 do
not show this magnetic order. This contradiction is thought to
be solved by slow spin dynamics1,2,13 in the macroscopic
number of low-energy states belonging to the ‘‘two-in–two-
out’’ manifold of the spin-ice model, which prevents the di-
polar spin ice from reaching thermal equilibrium states.
Recently, another pyrochlore compound Ho2Sn2O7 was
shown to belong to the spin-ice family by ac susceptibility
measurements.8 It was shown that Ho2Sn2O7 exhibits a slow
dynamics below a temperature scale of T f.1.4 K and that it
does not have a magnetic transition to a long-range-ordered
phase down to at least T50.15 K.8 Similar freezing behav-
ior of the ac susceptibility was also observed for Ho2Ti2O7
~Ref. 8! and Dy2Ti2O7 ~Refs. 11 and 12!.
In this work, in order to clarify the spin-ice behavior of
Ho2Sn2O7 on a microscopic basis, we have performed neu-
tron scattering experiments on a powder sample. By measur-
ing magnetic diffraction pattern down to T50.4 K, forma-
tion of magnetic short-range order and freezing effects was
investigated. We analyzed the diffraction pattern using a
mean-field approximation of wave-vector-dependent suscep-
tibilities and evaluated inter-spin interaction constants. In ad-
dition, we measured magnetic inelastic-scattering spectra to
elucidate energy scales of spin fluctuations. Since a disorder
of the pyrochlore lattice can influence the interpretation of
experimental results, in particular about the origin of the
slow dynamics, we studied the crystal structure using high-
resolution powder neutron diffraction.
II. EXPERIMENTAL METHOD
A polycrystalline sample of Ho2Sn2O7 was prepared by
the standard solid-state reaction.8 A stoichiometric mixture of©2002 The American Physical Society21-1
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days with intermediate regrinding to ensure a complete reac-
tion. The powder x-ray diffraction pattern of the sample in-
dicates that it is a single phase with the cubic pyrochlore
structure.
Neutron scattering experiments on the polycrystalline
sample were performed using the triple-axis spectrometers
C11-HER and 4G-GPTAS installed at JRR-3M JAERI ~To-
kai!. Incident or final neutron energies were fixed at 3 or 14
meV using the pyrolytic-graphite ~002! monochromator or
analyzer. Higher-order neutrons were removed by the cooled
Be filter or the pyrolytic-graphite filter. The sample was
mounted in a liquid 3He cryostat or a closed-cycle 4He-gas
refrigerator. A powder diffraction experiment was carried out
using the high-resolution powder neutron diffractometer
~HRPD! installed at JRR-3M. Neutrons of wavelength l
51.8238 Å were selected by the Ge ~331! monochromator.
III. EXPERIMENTAL RESULTS
A. Crystal structure
The crystal structure of Ho2Sn2O7 was studied by x-ray
diffraction.8 It was shown that the powder pattern is consis-
tent with the fully ordered cubic pyrochlore structure. This
structure belongs to the space group Fd3¯m ~No. 227!, and
constituent atoms fully occupy the sites of 16d(Ho),
16c(Sn), 48f (O), and 8b(O8).16 To confirm this more pre-
cisely and detect certain randomness in the lattice, we mea-
sured a powder-neutron-diffraction pattern at a room tem-
perature. The observed pattern is shown in Fig. 2. This was
analyzed by using the Rietveld profile refinement program
RIETAN-97.17 We performed the profile fitting first by assum-
ing the fully ordered pyrochlore structure. The resulting
structure parameters are listed in Table I, and the fitted pow-
der pattern and the difference curve are shown in Fig. 2.
FIG. 1. Network of corner sharing tetrahedra of Ho is shown in
a unit cell of the pyrochlore Ho2Sn2O7. Oxygen atoms giving rise
to local trigonal symmetry around a Ho atom, and ‘‘two-in–two-
out’’ spin configuration on a tetrahedron are also illustrated.14442From this figure and the final R factors of Rwp57.8%(Re
56.4%), Rp55.8%, and RB53.5%, we conclude that the
quality of the fit is excellent.
This refinement suggests that we do not need to introduce
any randomness of the lattice to improve the refinement or
that the experimental data do not contain enough information
to pursue small deviation from the pyrochlore structure. Thus
we checked only one possibility which is commonly ob-
served in oxides: that is, a deficiency of oxygen atoms. A
profile fitting with adjustable occupation parameters of
48f (O) and 8b(O8) sites was carried out. The consequent
occupations were n(48f )51.00(3) and n(8b)50.93(7).
This implies that determination of the oxygen deficiency
from the present powder diffraction data is rather limited. We
note in particular that since the 8b(O8) site oxygen is lo-
cated at the center of the tetrahedron ~see Fig. 1!, a small
amount of deficiency of this oxygen might substantially af-
fect the Ising anisotropy of the Ho spin. Although more pre-
cise measurements or different techniques are required to
examine the small randomness, we conclude that the present
diffraction data are consistent with the fully ordered pyro-
chlore structure.
B. Magnetic excitation
Magnetic excitation spectra were measured to examine
characteristic energy scales of magnetic fluctuations at low
temperatures and crystal-field excitations. In Fig. 3~a! we
FIG. 2. Neutron diffraction pattern of Ho2Sn2O7 measured at
T5290 K. Observed and calculated patterns are denoted by solid
circles and the solid line, respectively. Their difference is plotted in
the lower part by the dashed line. Vertical bars stand for positions of
the Bragg reflections.
TABLE I. Refined structure parameters of Ho2Sn2O7 at T
5290 K using fully ordered pyrochlore structure. Numbers in pa-
rentheses are standard deviation of the last digit.
Fd3¯m ~No. 227! a510.381(1) Å
Atom Site x y z B(Å2)
Ho 16d 1/2 1/2 1/2 0.3~2!
Sn 16c 0 0 0 0.3~2!
O 48f 0.3368~5! 1/8 1/8 0.5~1!
O8 8b 3/8 3/8 3/8 0.3~3!1-2
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,7 meV measured using the C11 spectrometer with a con-
dition of the horizontal focusing analyzer with E f
53.1 meV. The excitation peaks observed at T580 K are
transitions between crystal-field energy levels excited ther-
mally. Below T540 K they almost vanish because of neg-
ligible thermal occupations, and magnetic signals are ob-
served only near the elastic channel. A few typical energy
scans near E50 are shown in Fig. 3~b!. By fitting these
peaks to the Gaussian form, we obtained energy widths of
DEFWHM58368, 8468, and 8768 meV as shown in the
figure. Since these values are in agreement with the energy
resolution DEFWHM585 meV measured using the standard
vanadium, we conclude that the magnetic signal near E50
does not show any intrinsic inelasticity within the present
experimental condition. The upper limit of the intrinsic en-
ergy width is DEFWHM,30 meV, which is 0.3 K in the tem-
perature scale. The presence of elastic scattering and the ab-
sence of quasielastic scattering with energy width of the
inter-spin interaction, which is of the order of the Curie-
Weiss temperature uCW51.8 K, implies that the spin system
can be regarded as an Ising spin system in the low-
temperature range T,40 K.
FIG. 3. ~a! Spectrum of the energy scan of Ho2Sn2O7 measured
at T540 and 80 K in the range 21,E,7 meV. The solid line is
a guide to the eye. ~b! Detail of typical elastic scattering peaks for
0.4,T,80 K. Solid lines represent fits to the Gaussian function.
Scans of ~a! and ~b! were carried out using the horizontally focusing
analyzer with E f53.1 meV.14442The crystal-field excitation spectra were measured in a
wider energy range using the 4G spectrometer with a condi-
tion E f514 meV. In Fig. 4 energy scans in a range 5,E
,30 meV at Q52 Å21 are shown. One can see clearly
that there are two excitation peaks at E522 and 26 meV. The
temperature variation of the spectra elucidates the magnetic
origin of these peaks. The positions of these crystal-field
excitations coincide with those observed in the similar com-
pound Ho2Ti2O7.7,6 For Ho2Ti2O7 the crystal-field state has
been thoroughly studied by neutron inelastic scattering, and
the strong Ising character of the ground doublet is
established.7 The same quality of analysis for Ho2Sn2O7 is
impossible using the present limited experimental data, and
will be postponed until inelastic scattering experiments with
a much wider energy range. However, from the two similar
excitation energies, the Ising character of the system, and the
similarity between the Ti and Sn compounds, we may prob-
ably conclude that the ground doublet of Ho2Sn2O7 has also
the strong Ising anisotropy along the local ^111& axes.
C. Magnetic elastic scattering
In the low-temperature range where the system behaves as
an Ising model, we studied magnetic short-range order or
spin correlation. As shown in Sec. III B the magnetic excita-
tion spectra are completely elastic in the present experimen-
tal condition. In this case, the scattering cross section ds/dV
can be measured by triple-axis Q scans with E50, because
the quasielastic approximation is applicable, which requires
that the inelastic scattering is integrated with negligible
variation of the wave vector and that temperature is higher
than the spin fluctuation energy.18 The observed intensity can
be interpreted as the Fourier transform of the spin-pair cor-
relation. We carried out Q scans with the elastic condition
E50 using the C11 spectrometer at several temperatures
down to T50.4 K. The results of the Q scans are shown in
Fig. 5. One can see from this figure that the magnetic short-
range order starts to develop below T,20 K. We note that
this temperature scale of 20 K, which is much
FIG. 4. Crystal-field excitation spectrum of Ho2Sn2O7 measured
at Q52 Å21 in the energy range 5,E,30 meV. Solid lines are
guides to the eye.1-3
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be related to the blocking energy EB520 K determined by
ac susceptibility.8 By analyzing the Q dependence of the in-
tensity, which will be explained in the next section, we ob-
tained evidence that the dipolar interaction is the major
inter-spin coupling.
The temperature dependence of the scattering intensity at
two typical wave vectors Q50.59 and 0.21 Å21 was mea-
sured in cooling and heating conditions, and is plotted in Fig.
6. We note that Q50.21 Å21 is the wave vector where the
largest variation of the intensity was observed at low tem-
peratures. These data clearly demonstrate the existence of
thermal hysteresis of the magnetic scattering below T f
.1.4 K. This temperature is in good agreement with the
onset of the slow spin dynamics found by the ac
susceptibility.8 The thermal hysteresis synonymously implies
time dependence of the intensity. This time dependence was
really observed as shown in the inset of Fig. 6. The scattering
intensity at Q50.21 Å21 varies on a time scale of the order
of 10 min, after the temperature is cooled to T50.4 K. From
these experimental facts we conclude that the onset of the
slow spin dynamics in Ho2Sn2O7 is slow formation of the
short-range order.
IV. MEAN-FIELD ANALYSIS OF MAGNETIC ELASTIC
SCATTERING
A. Mean-field theory
By analyzing the neutron scattering intensity ds/dV , it is
possible to extract information on the magnetic interaction
FIG. 5. Elastic magnetic scattering of Ho2Sn2O7 as a function of
wave vector at various temperatures. Data of T51.7, 3, 5,
10, 20, and 40 K are shifted by 500, 1000, 1500, 2000, 2500, and
3000 counts, respectively, for clarity. Solid lines are fitted curves
calculated using Eqs. ~4.11! and ~4.12! of the mean-field theory.14442parameters. The simplest method to perform this is to utilize
a mean-field approximation of wave-vector-dependent
susceptibilities18,19 or an equivalent Gaussian
approximation.20 Reimers20 used this method and Monte
Carlo techniques to investigate the magnetic diffuse scatter-
ing of frustrated magnetic systems including pyrochlore-
lattice antiferromagnets. Unfortunately the formulas of scat-
tering cross sections used in his work include mistakes ~see
the last paragraph of this subsection! and its several conclu-
sions seem to be incorrect.20 In subsequent paragraphs we
give corrected formulas of the mean-field approximation
with clear definitions, which are not given in Ref. 20. As
shown later, fitting using these equations to the present ex-
perimental data gives far better results than the previous
examples.20
For simplicity of handling equations, we assume a spin
Hamiltonian of a quadratic form of spins:
H52 (
n ,n ,a ,n8,n8,b
Jn ,n ,a;n8,n8,bSn ,n ,aSn8,n8,b , ~4.1!
where Sn ,n ,a represents the a component (a5x ,y ,z) of a
classical vector spin Sn ,n5Stn1dn (uSn ,nu51) on a site
dn (n5 1, 2, 3, 4) in a chemical unit cell located at tn . We
further assume
H52Da(
n ,n
@~nnSn ,n!22uSn ,nu2#2J1 (
^n ,n;n8,n8&
Sn ,nSn8,n8
1Ddprnn
3 (
^n ,n;n8,n8&
F Sn ,nSn8,n8
urn ,n;n8,n8u
3
2
3~Sn ,nrn ,n;n8,n8!~Sn8,n8rn ,n;n8,n8!
urn ,n;n8,n8u
5 G , ~4.2!
FIG. 6. Temperature dependence of the elastic magnetic scatter-
ing of Ho2Sn2O7 measured at Q50.59 and 0.21 Å21 in cooling
and heating conditions. The inset shows the time dependence of the
intensity at Q50.21 Å21 after the temperature is cooled to T
50.4 K. Solid lines are guides to the eye.1-4
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rn ,n;n8,n85tn1dn2tn82dn8 . ~4.3!
The first term is the single-ion anisotropy energy with the
local easy-axis direction nn (unnu51). To reproduce the
strong Ising anisotropy we chose a large positive value Da
5810 K (Da@Ddp ,uJ1u; Ising regime!. The second term is
the nearest-neighbor exchange interaction, which has to be
extended to further neighbors if it is required. The third term
is the dipolar interactions of the Ho magnetic moments
mSn ,n , where m is the magnitude of the moment, m
.gAJ(J11)mB.10mB . The interaction constant is Ddp
5m2/rnn
3 .1.4 K, where rnn5a/(2A2) is the distance be-
tween two nearest-neighbor spins. The dipolar energy be-
tween two nearest-neighbor spins13 is Dnn55Ddp /3
.2.4 K.
In the mean-field theory,20–22 the magnetic structure is
determined by the Fourier transform of the interaction con-
stants
Jq;n ,a;n8,b5(
n
Jn ,n ,a;n8,n8,b
3exp@2iq~tn1dn2tn82dn8!# , ~4.4!
where q is a wave vector in the first Brillouin zone, and by
the eigenvalue equations
(
n8,b
Jq;n ,a;n8,buq;n8,b
(r)
5lq
(r)uq;n ,a
(r)
. ~4.5!
The eigenvalues lq
(r) (r5 1, 2, . . . ,12) and the eigenvectors
uq;n ,a
(r) were calculated by numerical diagonalization of the
12-dimensional Hermitian matrix23 Jq;n ,a;n8,b with the nor-
malization condition
(
n ,a
uq;n ,a
(r) uq;n ,a
(s)* 5dr ,s . ~4.6!
The system first undergoes a phase transition to a long-
range-ordered phase at a temperature TC , determined by
kBTC5
2
3 @lq
(r)#max(q,r) , ~4.7!
where @ #max(q,r) indicates a global maximum for all q and
r . The ordered magnetic structure is expressed by
^Sn ,n ,a&5^Sq
(r)&uq;n ,a
(r) exp@ iq~tn1dn!#1c.c., ~4.8!
where ^Sq
(r)& is the amplitude of the modulation.
Wave-vector-dependent susceptibilities18,19 in the para-
magnetic phase T.TC are defined by
xq;n ,a;n8,b5
N2m2
VkBT
^S2q;n8,bSq;n ,a&, ~4.9!
where N and V are a number of the unit cell and volume of
the system, and14442Sq;n ,a5
1
N (n Sn ,n ,aexp@2iq~tn1dn!# . ~4.10!
In the mean-field approximation, the wave-vector-dependent
susceptibilities are calculated by using the eigenvalues and
eigenvectors
xq;n ,a;n8,b5
Nm2
V (r
uq;n ,a
(r) uq;n8,b
(r)*
3kBTMF22lq
(r) , ~4.11!
where TMF is the temperature defined in the mean-field ap-
proximation. Using this xq;n ,a;n8,b the neutron scattering
cross section in the quasielastic approximation18,19 is ex-
pressed as
ds
dV ~Q5G1q!5C f ~Q !
2kBT (
a ,b ,n ,n8
~dab2Qˆ aQˆ b!
3xq;n ,a;n8,bexp@2iG~dn2dn8!# , ~4.12!
where G, C, and f (Q) stand for a reciprocal lattice vector, a
constant, and a magnetic form factor, respectively.
Finally we point out problems in Ref. 20 in connection
with the equations of this work. The scattering cross section
of Eq. ~4.12! can be expressed in the notation of Eqs. ~C5!
and ~C6! in Ref. 20 as
ds
dV ~Q5G1q!5C f ~Q !
2kBT
Nm2
V
3(
r ,a
F’ ,a
(r) ~Q!F’ ,a(r) ~Q!*
3kBTMF22lq
(r) , ~4.13!
where
F’ ,a
(r) ~Q!5Fa(r)~Q!2Qˆ aF(
b
Qˆ bFb(r)~Q!G ,
Fa
(r)~Q5G1q!5(
n
uq;n ,a
(r) exp~2iGdn!. ~4.14!
Although there are a few differences of the notation with
Ref. 20, it is not difficult to recognize that the phase exp
(2iGdn) of Eq. ~4.14! is incorrectly replaced by exp(2iQdn) in Eq. ~C6! of Ref. 20. We also note that the approxi-
mate powder-averaged cross section of Eq. ~6! in Ref. 20,
which was used for the Monte Carlo simulation, is not ap-
propriate for precise quantitative analyses. It should be re-
placed by Eqs. ~4.9! and ~4.12! and numerical powder aver-
aging.
B. Application to Ho2Sn2O7
In order to estimate interaction constants from the ob-
served intensity data shown in Fig. 5, we used Eqs. ~4.11!
and ~4.12! as an experimental trial function and performed
least-squares fitting. In this fitting, C in Eq. ~4.12! is treated
as an adjustable scale factor of the intensity, because the sum
rule of the cross section, which is always satisfied experi-
mentally, is violated for the theoretical equations ~4.11! and1-5
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fitting parameters and loses meaning as real temperature, es-
pecially in low temperatures where spin correlation is not
negligible ~see Sec. V!. If the intensity data at various tem-
peratures are reproduced by the same interaction constants,
we can think that the interaction constants obtained by this
method have real physical meaning. It should be noted20 that
an obvious advantage of this analysis is simplicity and that
another advantage is numerical flexibility that any observed
intensity data can be reproduced by introducing enough
number of interaction constants.
To illustrate the theoretical scattering profile and to gain
insight to what extent information can be extracted from the
powder diffraction data, we calculated examples of the mean
field ds/dV in three limiting cases: spins interact only via
~1! dipolar interaction Ddp51.4 K, J150; ~2! ferromagnetic
nearest-neighbor exchange interaction J152 K, Ddp50;
and ~3! antiferromagnetic nearest-neighbor exchange interac-
tion J1522 K, Ddp50. These three examples with certain
values of TMF and C are shown in Fig. 7. By comparing these
curves with the observed data in Fig. 5, we may conclude
that the observation excludes possibilities of the purely fer-
romagnetic or antiferromagnetic exchange interaction, and
that the dipolar interaction and a small exchange interaction
will account for the observation.
Along this line we fitted the experimental data at T
50.4 K to the mean-field expressions Eqs. ~4.11! and ~4.12!
with fixed Ddp51.4 K and adjustable parameters of J1 ,
TMF , and the intensity scale factor. The fitted values are J1
5 1.0 60.5 K ~ferromagnetic! and TMF52.260.1 K. The
calculated curve using the fitted parameters is plotted by the
solid line in Fig. 5, which shows very good agreement. It
should be noted that the large error of J1 indicates that the
diffraction pattern is almost reproduced only by the dipole
interaction and that the small discrepancy of the fitting is
FIG. 7. Examples of magnetic scattering calculated using Eqs.
~4.11! and ~4.12! of the mean-field theory. Spin interactions of the
three curves are ~1! dipolar interaction Ddp51.4 K, J150; ~2! fer-
romagnetic nearest-neighbor exchange interaction J152 K, Ddp
50; and ~3! antiferromagnetic nearest-neighbor exchange interac-
tion J1522 K, Ddp50.14442improved by adding small contribution due to J1. By using
this value J151.0 K, we tried to fit other scattering data
above T.0.4 K with the adjustable parameters of TMF and
the intensity scale factor. The resulting fit curves are shown
by solid lines in Fig. 5. The excellent fit quality ensures that
the relative strength of the dipolar and the exchange interac-
tions is quite consistent within the present analysis. The fitted
values of TMF are TMF52.2, 2.4, 2.9, 3.5, 5.0, 7.4,
10.6, 11.2 K, for data at T50.4, 1.7, 3.0, 5.0, 10, 20, 40 K,
respectively. By following Ref. 13, we calculate the ex-
change energy between two nearest-neighbor spins Jnn
5 13 J150.360.15 K. This is 14% of the dipolar energy
Dnn52.4 K of two nearest-neighbor spins. Therefore the
present analysis shows that the major spin-spin coupling in
Ho2Sn2O7 is the dipolar interaction.
V. DISCUSSION
As shown in the previous section, the analysis of the mag-
netic interactions using the mean-field theory in the para-
magnetic phase seems successful from a view point of the
experimental fitting. However, applicability of the mean-field
theory has to be justified theoretically. In a high-temperature
range, Eq. ~4.11! can be justified as an approximation to a
high-temperature expansion. On the other hand, in a low-
temperature range of the order of uCW51.8 K, the justifica-
tion is less clear. Equation ~4.11! may still be regarded as an
approximation with a strongly renormalized temperature pa-
rameter TMF or may completely lose physical meaning. The
experimental analysis suggests the correctness of the former
possibility. At present, we think, at least, the conclusion that
the main spin-spin interaction is the dipolar coupling will not
be changed when a more precise theoretical analysis is made.
It should be noted that recent neutron scattering work on a
single-crystal Ho2Ti2O7 elucidated the dipolar nature of the
spin interactions by using a Monte Carlo simulation
analysis.9 We also obtained the same conclusion by using the
mean-field analysis on another single-crystal neutron data of
Ho2Ti2O7.10
For completeness of the mean-field theory and conve-
nience for the reader, we would like to make a few com-
ments on the long-range order of Eqs. ~4.8! and ~4.7!. The
maximum eigenvalue @lq
(r)#max(q,r) is doubly degenerate at
each X point, q5a*,b*, or c*.24 These wave vectors corre-
spond to the peak position Q.0.6 Å21.u(001)u of the Q
scan in Fig. 5. Using the corresponding eigenvector uq;n ,a(r) ,
we depict a magnetic structure with q5c* in Fig. 8, which is
also one of the ground states.15
A characteristic spin-ice behavior observed in Ho2Sn2O7
is the slow spin dynamics or a sort of spin freezing below
T f.1.4 K, which was found by ac susceptibility
measurements.8 Quite consistent behavior is observed by the
present work as the thermal hysteresis and time dependence
of the magnetic scattering. This implies very slow develop-
ment of the short-range order. From these experimental facts,
a natural question arises whether there exists a spin-glass
phase transition around T f or around lower Tm .0.75 K
which was defined by the onset of the irreversibility of the
magnetization process8 or it is interpreted as a blocking phe-1-6
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stood, the question is to be answered by further studies. We
note that the thermal hysteresis and the time dependence of
the magnetic scattering were observed in a spin glass
system.25
According to a Monte Carlo simulation study of the
dipolar-spin-ice model,13 the spin-ice behavior occurs in a
wide range of the interaction ratio 20.8,Jnn /Dnn . The iso-
morphic systems Dy2Ti2O7 and Ho2Ti2O7 have small anti-
ferromagnetic exchange interactions with Jnn /Dnn520.52
and 20.22, respectively.13,9 Ho2Sn2O7 with Jnn /Dnn50.14
60.07 also belongs to this family.
FIG. 8. Magnetic structure with modulation q5c* determined
by Eqs. ~4.7! and ~4.8! of the mean-field theory. This is also a
ground-state spin configuration of the dipolar-spin-ice model.14442VI. CONCLUSION
We have investigated the frustrated pyrochlore magnet
Ho2Sn2O7 by means of neutron scattering techniques using
the powder sample. The high-resolution powder diffraction
shows that the crystal structure is the fully ordered pyro-
chlore structure with no detectable disorder. Because of the
limitation of the present powder diffraction data, the possi-
bilities of a small amount of disorders are to be studied.
Magnetic excitation spectra demonstrate that the magnetic
fluctuation is almost static at low temperatures below T
,40 K, in which the system behaves as an Ising model. The
crystal-field excitations observed at E522 and 26 meV
strongly suggest that the crystal-field state of Ho2Sn2O7 is
almost the same as that of the isomorphic Ising system
Ho2Ti2O7. By measuring elastic magnetic scattering at low
temperatures down to T50.4 K, we observed only short-
range order, which develops below T ,20 K. The wave-
vector dependence of the magnetic scattering has been ana-
lyzed successfully using the mean-field theory. This analysis
shows that spins interact mainly via the dipolar interaction
and via the small additional nearest-neighbor exchange inter-
action. Therefore we conclude that Ho2Sn2O7 belongs to the
dipolar-spin-ice family of compounds. The spin freezing be-
low T f .1.4 K is observed as the thermal hysteresis and the
time dependence of the magnetic scattering. This means un-
usually slow development of the short-range order, which
should be studied in future work.
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